In organisms from insects to vertebrates, Toll-like receptors (TLRs) are primary pathogen detectors that activate downstream pathways, specifically those that direct expression of innate immune effector genes. TLRs also have roles in development in many species. The sea anemone Nematostella vectensis is a useful cnidarian model to study the origins of TLR signaling because its genome encodes a single TLR and homologs of many downstream signaling components, including the NF-κB pathway. We have characterized the single N. vectensis TLR (Nv-TLR) and demonstrated that it can activate canonical NF-κB signaling in human cells. Furthermore, we show that the intracellular Toll/IL-1 receptor (TIR) domain of Nv-TLR can interact with the human TLR adapter proteins MAL and MYD88. We demonstrate that the coral pathogen Vibrio coralliilyticus causes a rapidly lethal disease in N. vectensis and that heat-inactivated V. coralliilyticus and bacterial flagellin can activate a reconstituted Nv-TLR-to-NF-κB pathway in human cells. By immunostaining of anemones, we show that Nv-TLR is expressed in a subset of cnidocytes and that many of these Nv-TLRexpressing cells also express Nv-NF-κB. Additionally, the nematosome, which is a Nematostella-specific multicellular structure, expresses Nv-TLR and many innate immune pathway homologs and can engulf V. coralliilyticus. Morpholino knockdown indicates that Nv-TLR also has an essential role during early embryonic development. Our characterization of this primitive TLR and identification of a bacterial pathogen for N. vectensis reveal ancient TLR functions and provide a model for studying the molecular basis of cnidarian disease and immunity.
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TLR | pathogen | NF-κB | development | Cnidaria T oll-like receptors (TLRs) are one of the primary mediators of the innate immune system in animals from insects to humans, and TLRs also have roles in development in several organisms (1) . Innate immunity is the most evolutionarily ancient branch of the immune system and is responsible for the immediate recognition of and response to pathogens in many organisms. TLRs recognize specific microbial pathogen molecules and initiate intracellular signaling cascades to activate a variety of transcription factors, including NF-κB, which then direct the expression of key innate immune effector genes (2) (3) (4) . Humans have 10 TLRs that recognize distinct pathogen ligands. The physiological responses elicited by these TLR-directed pathways are inflammation, opsonization, cell-based phagocytosis, and antimicrobial peptide production to ensure rapid pathogen clearance (3) (4) (5) (6) . In addition to the TLR pathways, mammals have two other innate immune pathways that can activate NF-κB for antiviral responses, the RIG-I/MAV and cGAS-STING pathways (7) (8) (9) .
Drosophila melanogaster has nine TLRs, which activate pathways for immunity, development, and other cell functions at various life stages of the fly (10) (11) (12) . The Drosophila TLR-to-NF-κB pathway is induced by fungi and Gram-positive bacteria to initiate innate immune responses, but this pathway also has an essential role in the establishment of early embryonic dorsal-ventral polarity (5, 10, 11, 13) . Several Drosophila TLRs are also important for maintaining healthy tissues by inducing NF-κB-dependent apoptosis of unfit or mutant cells (12) .
TLRs are transmembrane proteins with two primary domains that are required for initiating downstream signaling pathways for biological responses: (i) an ectodomain that contains a leucinerich region (LRR) that recognizes ligands such as pathogenassociated molecular patterns (PAMPs) or endogenous ligands (e.g., Spätzle in Drosophila), and (ii) an intracellular Toll/IL-1 receptor (TIR) domain that mediates protein-protein interactions with other TIR domain-containing proteins at the plasma membrane for downstream activation of NF-κB (3) (4) (5) . Although ligand engagement of the TLR often activates the NF-κB pathway, it can also activate MAP kinase and IFN pathways (2, 3) .
TLRs have been subclassified by the number of cysteine clusters present in their ectodomains. Single cysteine cluster TLRs (sccTLRs), found in mammals and Drosophila Toll-9, have ectodomains with one cysteine cluster at the C-terminal end of the LRR. Multiple cysteine cluster TLRs (mccTLRs) have two or more cysteine clusters within the LRR ectodomain; mccTLRs are found in Drosophila, Caenorhabditis elegans, and some basal phyla (1, 14) . Activation of mammalian sccTLRs occurs by direct engagement of the LRR by a PAMP, which causes the intracellular TIR domain to interact with adapter proteins MAL and/or MYD88, facilitating downstream activation of NF-κB (3) (4) (5) 14) . In contrast, the best-characterized mccTLR, Drosophila Toll-1, does not engage PAMPs directly; instead, its LRR binds to a cleaved Significance Toll-like receptors (TLR) are involved in pathogen recognition and defense in organisms from fruit flies to humans. Recent genomic evidence suggests that TLRs and their downstream signaling components are present in more basal phyla. We characterize a TLR in a sea anemone model and demonstrate its ability to activate NF-κB signaling when exposed to a bacterial pathogen and a known human TLR activator. Moreover, this TLR has an early developmental role in anemones. We also identify a primitive sea anemone organ that expresses components of the TLR-to-NF-κB pathway. These results demonstrate that TLRs have ancient roles in NF-κB signal transduction, pathogen detection, and development, thus providing molecular insights into how simple marine invertebrates may respond to pathogens.
form of the endogenous ligand Spätzle, subsequently initiating intracellular NF-κB signaling (5, 10, 11, 14) .
Genomic and transcriptomic analyses of evolutionarily primitive organisms suggest that the TLR-to-NF-κB pathway is more ancient than previously accepted (15) (16) (17) (18) . Genes encoding TLRlike proteins have been identified in the phyla Cnidaria (15, 17, 19, 20) and Porifera (21) ; however, many of these predicted basal TLR-like proteins lack the LRR ectodomain and consist of only a transmembrane region and a TIR domain (15, 19) . To date, few studies have characterized the biological processes and downstream pathways regulated by TLR-like proteins in cnidarians or other basal phyla (15, 22) .
The phylum Cnidaria is a morphologically primitive outgroup to bilaterians and comprises ∼10,000 aquatic organisms, including corals, hydras, sea anemones, and jellyfish (23) . Nevertheless, many cnidarian genomes are complex and exhibit structural organization and gene-coding properties that are surprisingly similar to those in humans (23, 24) . Cnidarians, especially corals, have recently attracted much research interest due to the impacts of climate change and pathogen outbreaks on marine ecosystems (25) . However, little is known about how these organisms defend themselves against biological and environmental stressors at the molecular level.
One bacterial pathogen that impacts several cnidarian species is the Gram-negative bacterium Vibrio coralliilyticus. Initially described as the causative agent of white syndrome disease in corals, V. coralliilyticus has recently been shown also to cause disease in the tropical sea anemone Aiptasia pallida (26) (27) (28) . Although not pathogenic at water temperatures below 24°C, V. coralliilyticus photoinactivates coral symbionts between temperatures 24°C and 26.5°C (27, 29) . Above 27°C, V. coralliilyticus is highly pathogenic due to its ability to lyse coral and anemone tissues (27, 28, 30) . As global ocean temperatures rise, the temperature-dependent pathogenicity of V. coralliilyticus threatens many coral species.
The starlet sea anemone Nematostella vectensis is an important model cnidarian, which is particularly intriguing because of its general resilience to pathogens and wide fluctuations in salinity, temperature, and pH (31) . In fact, no microbial pathogens have been identified for N. vectensis. We previously characterized the N. vectensis NF-κB protein (Nv-NF-κB) and its proximal regulators (e.g., Nv-IκB, Nv-IKK) (32) (33) (34) ; however, little is known about the upstream regulation of NF-κB in cnidarians or organisms basal to arthropods (15, 22) .
Herein, we characterize the single N. vectensis TLR homolog (Nv-TLR) as a mccTLR with multiple activities. We also show that V. coralliilyticus is a rapidly lethal pathogen for N. vectensis and that this bacterium and purified flagellin can activate a reconstituted Nv-TLR-to-NF-κB pathway in human cells. Nv-TLR also has a role in early development, which we hypothesize functions in an NF-κB-independent manner. Finally, we provide evidence that suggests that the nematosome, a highly motile collection of cells, plays a role in N. vectensis innate immunity. This research provides insight into the ancient roles of TLRs in pathogen detection, NF-κB signal transduction, and development, suggesting a single origin for the diverse TLRs found in insects and mammals.
Results
Cloning and Expression of the Sole N. vectensis TLR. In a search of the N. vectensis genome, transcriptome, and EST databases for putative TLRs (23, 35) , we identified a single TLR-like gene, which is consistent with previous bioinformatic studies mining the N. vectensis genome for TIR domain-containing proteins (17) . The predicted Nv-TLR is encoded by a genomic locus that lacks introns within its coding region (Fig. 1A) . We identified mRNAs corresponding to this locus in the N. vectensis transcriptome at the Joint Genome Institute (23) and in RNA-sequencing (RNA-seq) data of N. vectensis embryos (36) , demonstrating that the Nv-TLR locus is expressed in anemones starting early in development. The 969-amino acid Nv-TLR is a mccTLR (14) with an ectodomain containing three cysteine clusters (two CF motifs and an NF motif), a predicted hydrophobic membrane-spanning region, and a C-terminal TIR domain (Fig. 1A) . Table S1 presents the sequences of the LRR motifs, the NF and CF motifs, and the predicted transmembrane region of Nv-TLR. Phylogenetic Table S1 for specific motif and domain amino acid coordinates. Shown below the protein structure are the Nv-TLR single exon structure and genomic coordinates. comparison of the Nv-TLR TIR domain and the TIR domains of the 10 human TLRs, C. elegans TOL-1, and D. melanogaster Toll indicated that Nv-TLR is most similar to D. melanogaster Toll and C. elegans TOL-1 (Fig. 1B) . Interestingly, the TIR domain of human TLR4 (Hu-TLR4) clusters with the TIR domains of Nv-TLR, TOL-1, and Drosophila Toll rather than with any other human TLR (Fig. 1B) .
Initial attempts to express the native Nv-TLR cDNA in human cells were largely unsuccessful. Therefore, we subjected the Nv-TLR cDNA to human cell codon optimization (Dataset S1), and the codon-optimized Nv-TLR cDNA was subcloned into pcDNA-FLAG and non-FLAG vectors for expression in human HEK 293 cells. Western blotting of transfected cell extracts with Nv-TLR antiserum detected a band of ∼100 kDa that, as expected, migrated just below the FLAG-tagged Nv-TLR protein, which was detected by FLAG antiserum. In cells transfected with empty vector controls, no immunoreactive proteins were detected with either FLAG or Nv-TLR antiserum (Fig. 1C) . Indirect immunofluorescence of transfected chicken DF-1 fibroblasts demonstrated that FLAG-Nv-TLR, detected with both FLAG and Nv-TLR antisera, showed a staining pattern outside the nucleus similar to that of HA-Hu-TLR4 (Fig. 1D) . In contrast, FLAG-Nv-NF-κB showed exclusively nuclear localization in DF-1 cells, consistent with our previously published findings (32) .
The Nv-TLR TIR Domain Is Required for Activation of Canonical NF-κB Signaling in Human Cells. HEK 293 cells do not express human TLRs but do express all downstream NF-κB signaling pathway components, making them a useful cell line to study the ability of exogenously expressed TLRs to activate NF-κB. Hu-TLR4 has been shown to activate NF-κB when overexpressed in 293 cells, even in the absence of a stimulus (37) . Under nonstimulated conditions, we found that expression of Nv-TLR in 293 cells increased the expression of an NF-κB-site luciferase reporter by 4.4-fold compared with vector control cells ( Fig. 2 A and B) . The level of NF-κB-site reporter gene activation by Nv-TLR was even higher than that seen with Hu-TLR4 (2.6-fold). Nv-TLRΔTIR, which lacks the TIR domain ( Fig. 2A) , did not induce NF-κB-site reporter gene expression above empty vector control levels (Fig. 2B) .
Activation of NF-κB by Hu-TLR4 proceeds through the canonical NF-κB pathway and requires the IKK scaffold protein NEMO (4) . Neither Nv-TLR nor Hu-TLR4 activated the NF-κB-site luciferase reporter in 293 cells in which NEMO expression was genetically ablated (Fig. 2B) .
As an early step in the activation of NF-κB, the intracellular TIR domain of Hu-TLR4 interacts with the adapter proteins MAL and MYD88 at the plasma membrane (4). To determine whether the TIR domain of Nv-TLR can also interact with these human adapter proteins, we performed a pulldown assay using bacterially expressed GST-Nv-TIR ( Fig. 2A) and lysates from 293 cells expressing FLAG-MAL or FLAG-MYD88. Both FLAG-MAL and FLAG-MYD88 were detected by Western blotting of pulldown fractions using GST-Nv-TIR but not by GST alone (Fig.  2C) . Expression of GST and GST-Nv-TIR was confirmed by SDS/ PAGE followed by Coomassie blue staining (Fig. 2C) .
The requirement of the TIR domain and NEMO for Nv-TLRinduced activation of NF-κB in 293 cells (Fig. 2B ) and the ability of Nv-TIR to interact with the human MAL and MYD88 adapter proteins (Fig. 2C) indicate that Nv-TLR, like Hu-TLR4, activates NF-κB in human cells through TIR-dependent canonical NF-κB signaling.
A Reconstituted Nv-TLR-to-NF-κB Pathway Can Be Activated by V.
coralliilyticus, an N. vectensis Pathogen, and by Flagellin. V. coralliilyticus is a coral pathogen that is of interest because of its broad host range among corals and its temperature-dependent pathogenicity (27) . Recently, V. coralliilyticus was also shown to induce a lethal disease in the symbiotic sea anemone A. pallida (28) . To determine whether V. coralliilyticus can induce disease in N. vectensis, anemones were exposed to increasing concentrations of V. coralliilyticus at 30°C. V. coralliilyticus showed a dose-dependent ability to cause disease in N. vectensis (Fig. 3A ). Anemones infected with 10 8 cfu/mL at 30°C rapidly declined in survival between days 4 and 6, while anemones infected with 10 7 cfu/mL V. coralliilyticus at 30°C showed a decline in survival starting after day 5 ( Fig. 3 A and B). As in A. pallida (28), V. coralliilyticus infection at 30°C caused N. vectensis tentacle retraction and degradation followed by extensive ectodermal tissue lysis that exposed mesentery tissues by day 6 (Fig. 3B ). All control anemones (with no exposure to bacteria at 19°C or 30°C) and anemones infected at 19°C with 10 8 cfu/mL V. coralliilyticus survived; the latter result indicates that V. coralliilyticus causes lethal disease in N. vectensis only at elevated temperatures ( Fig. 3 A and B and Fig. S1 ). In addition, incubation of anemones at 19°C or 30°C with the TLR ligand flagellin had no effect on N. vectensis viability (Fig. 3A ). Anemones infected with 10 7 cfu/mL and 10 8 cfu/mL V. coralliilyticus at 30°C both demonstrated significantly decreased survival compared with anemones infected with 10 6 cfu/mL V. coralliilyticus at 30°C, 10 8 cfu/mL V. coralliilyticus at 19°C, and control uninfected anemones (KaplanMeier log-rank test, P < 0.05) (Fig. 3A) .
Given that V. coralliilyticus caused lethal disease in N. vectensis, we next sought to determine whether this bacterium could stimulate Nv-TLR-dependent activation of NF-κB. To study this, we used retroviral transduction to establish 293T cells that stably express Nv-TLR. Expression of Nv-TLR in these cells was confirmed by RT-PCR (Fig. 3C ) because our Nv-TLR antiserum does not readily detect the lower levels of Nv-TLR expressed by retroviral transduction. To assess Nv-TLR activity, Nv-TLR 293T stable cells were exposed to 5 × 10 7 cfu/mL of heat-inactivated V. coralliilyticus for 12 min, and downstream activation of the NF-κB pathway was evaluated by measuring phosphorylation of IκBα (p-IκB), which is an essential early step for activation of NF-κB (16) . Nv-TLR 293T cells showed a 13.6-fold induction of p-IκB when exposed to heat-inactivated V. coralliilyticus compared with nonstimulated Nv-TLR 293T cells (Fig. 3D) . In contrast, treatment of vector-293T cells with heat-inactivated V. coralliilyticus induced low (2.6-fold) levels of p-IκB.
Bacterial flagellin, but not lipopolysaccharide (LPS), has been shown to stimulate an engineered Hydra LRR protein to activate NF-κB signaling in human cells (15) . We also found that treatment of Nv-TLR 293T cells with Salmonella typhimurium flagellin for 40 min (38) led to a 7.3-fold induction of p-IκB compared with nonstimulated Nv-TLR 293T cells (Fig. 3E) . In contrast, treatment of vector 293T cells with flagellin did not result in increased levels of p-IκB (1.0) (Fig. 3E) . Escherichia coli LPS, an activator of Hu-TLR4 (37), did not stimulate Nv-TLR to activate our NF-κB-site luciferase reporter (Fig. S2) .
Taken together, these results demonstrate that the Nv-TLR can activate a downstream molecular pathway (i.e., NF-κB) in response to heat-inactivated V. coralliilyticus, a pathogenic coral bacterium that is also lethal to N. vectensis ( Fig. 3 A and D) . Moreover, our results identify flagellin as a PAMP that can stimulate Nv-TLRexpressing human cells to activate the NF-κB pathway (Fig. 3E ).
Nv-TLR Is Coexpressed with Nv-NF-κB in Cells in Embryos and Juvenile
Anemones. To identify cells in N. vectensis that express Nv-TLR and to confirm the specificity of our Nv-TLR antiserum for immunofluorescence experiments in anemones, whole-mount immunofluorescence with Nv-TLR antiserum was performed on juvenile, four-tentacle-stage anemones. Elongated cells throughout the body column of the anemones stained positive for Nv-TLR, and there was also intense staining in the tentacles (Fig. S3A) . No signal was detected after whole-mount staining of juvenile animals with preimmune serum, indicating that staining with the Nv-TLR antiserum is specific (Fig. S3A) .
We previously showed that Nv-NF-κB can be detected by immunofluorescence in anemones as early as 30 h postfertilization and is expressed in cnidocytes starting at 40 h postfertilization (33) . To determine whether Nv-TLR is also expressed early in development and in the same cells as Nv-NF-κB, whole-mount immunofluorescence of embryos at 24, 30, and 48 h postfertilization was performed with Nv-TLR and Nv-NF-κB antisera (Fig. 4A) . At 24 h postfertilization, Nv-TLR was readily detected in many cells in the embryo; however, little to no Nv-NF-κB was detected (Fig. 4A) . Nv-NF-κB was detected in a few cells at 30 h postfertilization, and these NF-κB positively stained cells were also positive for Nv-TLR staining (Fig. 4A , Center, white arrows); however, Nv-TLR was expressed more extensively than Nv-NF-κB at 30 h postfertilization (Fig. 4A) . At 48 h postfertilization, many cells were detected that stained positive for both Nv-NF-κB and Nv-TLR, and this colocalization was observed in elongated cells (Fig. 4A , Right, white arrows).
Our previous results have shown that Nv-NF-κB is expressed primarily in body column cnidocytes in both juvenile and adult animals (33) . Based on the similar staining pattern of Nv-TLR and Nv-NF-κB at 30 and 48 h postfertilization (Fig. 4A) , we determined whether Nv-TLR and Nv-NF-κB are coexpressed in cells in older anemones. Therefore, whole-mount preparations of four-tentaclestage anemones were costained with Nv-TLR and Nv-NF-κB antisera. Indeed, there was considerable overlap of Nv-TLR and Nv-NF-κB staining in body column cells (Fig. 4B, white arrows) . However, intense staining of cnidocyte-rich tentacles was observed only with Nv-TLR antiserum ( Fig. 4B and Fig. S3A ).
We hypothesized that Nv-TLR is expressed in cnidocytes, given that Nv-NF-κB is primarily expressed in body column cnidocytes (33) and that Nv-NF-κB and Nv-TLR are coexpressed in many cells in developing and juvenile anemones (Fig. 4 A and B) . To directly demonstrate the expression of Nv-TLR in cnidocytes, we carried out indirect immunofluorescence on whole-mount preparations of juvenile anemones to determine if Nv-TLR-staining cells were also positive for the cnidocyte marker poly-γ-glutamate. Under calciumfree conditions, DAPI stains the poly-γ-glutamate found in cnidocyte capsules, and this staining can be visualized under green emission channels (39) . As shown in Fig. 4C (white arrows), Nv-TLR staining surrounded the DAPI-stained cnidocyte capsule in many individual cells, indicating that Nv-TLR is expressed in cnidocytes.
Taken together, these results provide evidence that Nv-TLR and Nv-NF-κB are expressed in many of the same cells in developing embryos and juvenile anemones and that these two proteins are coexpressed in many cnidocytes. However, Nv-TLR expression is detected earlier in embryonic development than Nv-NF-κB, and Nv-TLR is highly expressed in cells in the tentacles of juvenile anemones, where little to no Nv-NF-κB can be detected (Fig. 4B  and Fig. S3A ).
Heterogeneity of Nv-TLR and Nv-NF-κB Expression in Tentacle and
Body Column Cnidocytes. We next determined the percentage of cnidocytes in tentacles and body columns of adult anemones that express Nv-TLR and Nv-NF-κB. Cnidocytes were isolated from sectioned tentacles and body columns, fixed, and then immunostained with Nv-TLR and Nv-NF-κB antisera (Fig. 5A) . We found that 43% of body column cnidocytes but only 5% of tentacle cnidocytes expressed both Nv-TLR and Nv-NF-κB (Fig. 5B) . Consistent with highly concentrated Nv-TLR staining in tentacles (Fig. 4B and Fig. S3A ), nearly 87% of isolated tentacle cnidocytes but only ∼1% of body column cnidocytes expressed only Nv-TLR. On the other hand, ∼41% of body column cnidocytes but less than 0.005% of tentacle cnidocytes expressed only Nv-NF-κB. Only 15% and 8% of body column and tentacle cnidocytes, respectively, expressed neither Nv-TLR nor Nv-NF-κB, and this difference was not significant (Fig. 5B) . No staining was seen when isolated tentacle and body column cnidocytes were probed with the respective preimmune serum for Nv-TLR or Nv-NF-κB (Fig. S3B) , indicating that the staining that we observed with isolated body column and tentacle cnidocytes is specific for Nv-TLR and Nv-NF-κB. Taken together, these results quantitatively support our whole-anemone staining, indicating that Nv-TLR is expressed in many body column cnidocytes that also express Nv-NF-κB and that high levels of Nv-TLR, but not Nv-NF-κB, are expressed in tentacles.
Nematosomes Express Components of Innate Immune Signaling Pathways
and Can Engulf V. coralliilyticus. Nematosomes are highly motile multicellular structures that are unique to Nematostella species (40) . Comprised of multiple cell types, including many cnidocytes, these organs circulate in the gastrovascular cavity and tentacles of sexually mature anemones (41) . Previous comparative transcriptomic analyses revealed that many of the overrepresented transcripts in nematosomes are encoded by genes associated with chemical, pathogen, and wound stressors (41) . To determine if Nv-TLR and Nv-NF-κB proteins are expressed in nematosomes, we isolated circulating nematosomes from live adult N. vectensis and fixed them for immunohistochemistry. Staining of these isolated nematosomes with Nv-TLR and Nv-NF-κB antisera showed that most nematosome cnidocytes express both Nv-TLR and Nv-NF-κB (Fig. 6A ). Fig. S4 shows an orthogonal rendering of a nematosome stained for Nv-TLR and Nv-NF-κB.
Given our ability to detect both Nv-TLR and Nv-NF-κB proteins in nematosome cnidocytes, we next determined whether other TLR-to-NF-κB pathway components are expressed in nematosomes using publicly available transcriptomic (23) and nematosomespecific mRNA expression data (41) . To quantify the expression levels of given mRNAs, we constructed a custom Bowtie2 index of the coding sequences of homologous genes expected to be in the N. vectensis TLR-to-NF-κB pathway (TLR, MyD88, A20, TRAF6, UBC13, ECSIT, IKKα/β, IκB, BCL-3, and NF-κB) as well as those of another innate immune pathway, the cGAS-STING pathway (cGAS, STING, TBK1, and NF-κB) (Dataset S2). As expected from our immunostaining results, transcripts for Nv-TLR and Nv-NF-κB were found in the nematosome-specific expression datasets (Fig. 6B ). In addition, mRNAs for homologs of all predicted TLRto-NF-κB pathway proteins were detected in nematosomes (Fig.  6B) . Interestingly, cGAS, STING, and TBK1 mRNAs were also detected in nematosomes (Fig. 6B) . In humans, cGAS binds cytosolic cyclic dinucleotides, which are secondary messenger molecules in prokaryotes, and interacts with STING to ultimately activate the transcription factors IRF3 and NF-κB (7). Of note, N. vectensis does not have an IRF3 homolog (9) .
To measure expression levels of TLR-to-NF-κB and cGAS-STING pathway mRNAs in nematosomes, we first compared their expression levels (in reads per kilobase of transcript per million reads mapped, RPKM) to two genes-an S-adenosylmethioninedependent methyltransferase (AMT) homolog and a Mab-21 domain-containing 2 (MB21D2) homolog-that have been identified as nematosome-specific genes (41) . AMT is more highly expressed (1,821 RPKM) in nematosomes than any other genes we measured. On the other hand, MB21D2 is expressed (24 RPKM) at a level similar to Nv-TLR (18 RPKM), and MB21D2 transcripts are less abundant than all other TLR-to-NF-κB and cGAS-STING pathway components analyzed (Fig. 6B) .
As a negative control for this bioinformatic analysis and to ensure that nonnematosome tissues did not introduce contaminating mRNAs, we interrogated these datasets for mRNAs of Nv-Repo and Nv-GCM, which are neural differentiation markers in N. vectensis (42) and should not be expressed in nematosomes. Nv-Repo and Nv-GCM transcripts were not detected in the nematosome RNA-seq datasets (Fig. 6B) . Taken together, these bioinformatics analyses indicate that TLR-to-NF-κB and cGAS-STING pathway mRNAs are part of the nematosome-specific transcriptome.
Recent studies have also identified peripheral phagocytes in nematosomes based on their morphology and ability to engulf heat-inactivated E. coli and dextran-labeled latex beads (41) . To determine if nematosomes can engulf live V. coralliilyticus, isolated nematosomes were incubated for 14 h with cultures of this bacterium that had been labeled with the BacLight Red bacterial stain. By fluorescence microscopy, labeled V. coralliilyticus was detected in peripheral cells of isolated nematosomes (Fig. 6C,  yellow arrows) . No fluorescence was detected in nematosomes incubated with nonlabeled V. coralliilyticus, demonstrating that neither nematosomes nor V. coralliilyticus autofluoresce under red excitation (Fig. 6C) . These data indicate that nematosomes can engulf V. coralliilyticus. Although mostly studied in terms of innate immunity, TLR signaling is involved in other biological processes such as development (5, 10, 11, 43) . To determine whether Nv-TLR also has a developmental role in N. vectensis, zygotes were microinjected with a morpholino-substituted antisense oligonucleotide specific for Nv-TLR. At 3 d postinjection, nearly 90% of Nv-TLR morpholinoinjected embryos exhibited severe developmental defects (Fig.  7A ), which were generally characterized by an elongated tube-like embryo with a narrowed midsection (Fig. 7B) . The level of developmental abnormalities seen following injection of the Nv-TLR morpholino (∼90%) was significantly higher than the 11% seen in embryos injected with a control morpholino (the developmental defects seen at day 3 in the embryos injected with a control morpholino were likely due to microinjection manipulation) (Fig.  7A) . Among the Nv-TLR morpholino-injected embryos that survived to 5 d postinjection, few Nv-TLR-expressing cells were detected by whole-mount immunostaining with Nv-TLR antiserum (Fig. 7B) . Two examples of embryos with the Nv-TLR knockdown phenotype are shown in Fig. 7B . Microinjection of the control morpholino did not appear to affect embryonic development or the development of Nv-TLR-positive cells (Fig. 7B and Table S2 ). The average number of Nv-TLR-positive cells, as determined by analyzing optical cross-sections of morpholino-injected anemones, was lower for anemones injected with the Nv-TLR morpholino (14.5 positive cells per anemone) than for anemones injected with the control morpholino (92.3 positive cells per anemone) (Table  S2 ). These results suggest that Nv-TLR has an essential role in early N. vectensis development.
Discussion
In this paper, we have characterized the sole TLR of the sea anemone N. vectensis. Our results indicate that this single Nv-TLR has properties that are normally distributed independently among TLRs in more complex protostomes and deuterostomes. The embryonic expression of Nv-TLR, its requirement for proper embryonic development, and its expression in specific cells in embryonic, juvenile, and adult anemones suggests that Nv-TLR has biological roles throughout the lifespan of the anemone. Moreover, Nv-TLR is a mccTLR that appears to be able to directly recognize a bacterial pathogen to initiate downstream intracellular signaling. Based on our results and previously published data (discussed below), we hypothesize that Nv-TLR has an NF-κB-independent role in embryonic development and an NF-κB-dependent role in immunity in juvenile and adult anemones.
Recent transcriptomic studies have shown that conventional TLRs and many NF-κB pathway components are expressed in several cnidarians, including the corals Acropora digitifera and Acropora millepora (17, 44) ; however, no studies have functionally characterized these pathways in corals, anemones, or jellyfish. Before the work presented herein, the most extensively characterized cnidarian TLR pathway is that of Hydra. Similar to N. vectensis, Hydra has genes encoding many components of a TLRto-NF-κB pathway but lacks a conventional TLR. Instead, Hydra has separate LRR and TIR-domain proteins (15, 18) . A Hydra LRR protein (HyLRR-2) fused to a human TIR domain has been shown to activate a NF-κB reporter in 293 cells in response to flagellin but not LPS (15) . Those studies are consistent with our results showing that heat-inactivated V. coralliilyticus and flagellin ( Fig. 3 D and E) , but not LPS (Fig. S2) , can activate a reconstituted Nv-TLR-to-NF-κB pathway in 293 cells. Studies in Hydra have also suggested a role for its atypical TLR pathway in pathogen defense, as silencing of a TIR domain-only protein resulted in the loss of antimicrobial peptide production (15) , and MyD88-deficient Hydra showed increased sensitivity to infection by Pseudomonas aeruginosa (22) . Nevertheless, it is important to note that TLR-directed activation of NF-κB has not yet been directly demonstrated in any cnidarian system. Thus, a role for TLR-to-NF-κB signaling in cnidarian immunity remains a hypothesis.
While increasing evidence suggests that cnidarians utilize ancient signaling pathways for defense, it is not known if cnidarians have specialized immune cells or organs. Previous work demonstrated that epithelial cells in Hydra and peripheral cells in the N. vectensis nematosome can engulf bacteria (15, 41) . Additionally, more than 20% of nematosome-specific transcripts are involved in stress responses (chemical, pathogen, wound) (41) . Based on those findings and our findings that (i) nematosomes contain TLR-and NF-κB-expressing cnidocytes, (ii) nematosome peripheral cells can engulf the pathogenic bacterium V. coralliilyticus, and (iii) mRNAs for components of the Nv-TLR-to-Nv-NF-κB and cGAS-STING pathways are expressed in nematosomes (Fig.  6) , we hypothesize that the nematosome is a unique innate immune organ for Nematostella species that may combine pathogen engulfment and innate immune signal transduction in one circulating multicellular structure. We have not, however, detected Nv-TLR or Nv-NF-κB staining of the peripheral cells in the nematosome (Fig. 6A) .
In animals, the overall expression of Nv-TLR and Nv-NF-κB overlaps considerably, but not completely (Figs. 4 and 5) . In adult anemones, body column and nematosome cnidocytes that express Nv-TLR also often express Nv-NF-κB (Figs. 5B and 6A ), but tentacle cnidocytes almost entirely express only Nv-TLR (Fig. 5B) , and nearly half of body column cnidocytes express Nv-NF-κB but not Nv-TLR (Fig. 5B) . These apparent differences in Nv-TLR and Nv-NF-κB staining in different populations of cnidocytes suggest that Nv-TLR functions in both Nv-NF-κB-independent (in tentacle cnidocytes) and Nv-NF-κB-dependent (in nematosome and body column cnidocytes) pathways in adult animals.
Knockdown of Nv-TLR causes early developmental defects (Fig. 7) that are not seen with Nv-NF-κB knockdown (33) , and Nv-TLR expression is detected earlier than Nv-NF-κB in developing embryos (Fig. 4A) . Therefore, we think it is likely that Nv-TLR has an NF-κB-independent role in early development. Although Toll-1-to-NF-κB signaling plays a key role in the development of the dorsal-ventral axis of the Drosophila embryo (11, 45) , Drosophila Toll-2, Toll-6, and Toll-8 coordinate cell intercalation during convergent extension (anterior-posterior axis elongation) independent of NF-κB signaling (46) . Moreover, this function of Drosophila Tolls in promoting proper embryo axis elongation is also found in basal arthropods (47) . The single C. elegans mccTLR, TOL-1, also has developmental roles, in that Tol-1 mutants are either embryonic lethal or arrest as small, deformed larvae (43), and TOL-1 is required for the proper function and development of specific ciliated chemosensory neurons in adult nematodes (48) . Since C. elegans lacks NF-κB (43, 48) , TOL-1 must direct these developmental processes independently of NF-κB. Like Nv-TLR, the ligands that activate Drosophila Toll-2, Toll-6, and Toll-8 and C. elegans TOL-1 during development are not known (43, 46, 48) , and no Spätzle-like homologs have been found in the N. vectensis genome (23). However, it has been demonstrated that these Drosophila Tolls can promote heterophilic interactions between cells, suggesting that activation occurs by engagement of an adjacent Toll (46) . Whether Nv-TLR is activated during development by an endogenous ligand, by receptor-receptor interactions, or by another mechanism remains unknown. Overall, our results show that the single TLR of N. vectensis has structural and functional characteristics that are often found in separate TLRs in organisms with multiple TLRs. The ability of Nv-TLR to activate NF-κB signaling in human cells in response to V. coralliilyticus and flagellin further suggests that an Nv-TLRactivated intracellular pathway is important for organismal pathogen detection and immune response in N. vectensis. Our findings also suggest that Nv-TLR is capable of directly recognizing pathogens and the PAMP flagellin. This challenges the conventional understanding of mccTLR activation, which had been thought to occur solely through endogenous ligands, such as Drosophila Spätzle (14) . Our characterization of Nv-TLR suggests that primitive TLRs had dual functions in directing biological programs for pathogen response and embryonic development, providing an example of a single TLR that combines the independent functions of TLRs in insects and mammals.
Finally, our studies may also have relevance to the study of marine invertebrate disease. We have shown that V. coralliilyticus causes rapidly fatal disease in N. vectensis, and its effects in N. vectensis mimic the disease progression that occurs in several coral species and the anemone A. pallida, starting with tentacle degradation followed by fatal ectodermal tissue lysis (Fig. 3B and Fig.  S1 ) (28, 49) . The corals and the anemone A. pallida in which V. coralliilyticus has previously been shown to cause lethal disease are all tropical cnidarians with obligate algal symbionts (26, 28, 49) . In contrast, N. vectensis does not have any known essential symbiont and can live in a variety of habitats over a wide range of environmental conditions (e.g., salinity, pH, temperature) (31) . Thus, the temperature-dependent pathogenicity of V. coralliilyticus is clearly not limited to environmentally sensitive and symbiotic cnidarians. Given that N. vectensis is more amenable to genetic approaches than A. pallida or any coral species (50, 51), we believe that our findings establish a cnidarian model for the study of bacterial pathogenicity and innate immunity at a molecular level.
Materials and Methods
Plasmid Constructions, Cell Culture, and Transfection. Genomic draft assemblies and EST databases from cnidarians.bu.edu/stellabase/index.cgi (35) and the Joint Genome Institute (23) were used to identify the cDNA encoding the 969-amino acid Nv-TLR protein. A human cell codon-optimized cDNA corresponding to the predicted amino acid sequence of Nv-TLR was synthesized (GenScript) (Dataset S1). Details about plasmids and plasmid constructions are given in Table S3 . Primers used for PCR amplification, RT-PCR, and EMSAs are listed in Table S4 .
HEK 293 and 293T carcinoma cells and DF-1 chicken fibroblasts were grown in DMEM (Invitrogen) supplemented with 10% FBS (Biologos), 50 U/mL penicillin, and 50 μg/mL streptomycin. HEK 293, HEK 293T, and DF-1 cells were transfected with expression plasmids using polyethylenimine (PEI) (Polysciences, Inc.) at a PEI:DNA mass ratio of 6:1 as previously described (32, 34) . The medium was changed 18 h posttransfection, and whole-cell lysates were made 48 h posttransfection. If cells were used for immunofluorescence, they were passaged onto glass coverslips on the day before fixation.
Phylogenetic Analysis. For comparative analysis of TIR domains, we used the predicted TIR domains of Nv-TLR, D. melanogaster Toll-1, C. elegans TOL-1, an Amphimedon queenslandica TLR-like protein (21) , and the 10 human TLR proteins. The TIR domains of Nv-TLR and A. queenslandica TLR were identified through MEME analysis (52) , and sequences were trimmed to contain only TIR domains based on motif prediction and known human TIR domains (Dataset S3). The human TLRs, D. melanogaster Toll-1, and C. elegans TOL-1 amino acid sequences, along with their annotated TIR domains, were obtained from the UniProt database (Dataset S3). Clustal Omega (53) was then used to align the trimmed and culled TIR sequence dataset, and phylogenetic comparison was performed using neighbor-joining analysis bootstrapped 1,000 times using PAUP* and rooted with A. queenslandica TLR (54).
Generation of Nv-TLR Antiserum, Preparation of Whole-Cell Lysates, and Western Blotting. A guinea pig polyclonal antiserum was prepared against a C-terminal predicted peptide (KPLAPPQSYEGHVEMSKV) of Nv-TLR (Thermo Fisher). Whole-cell lysis of HEK 293 cells and Western blotting for FLAG proteins were performed essentially as described previously using FLAG antibody (1:1,000) (Cell Signaling Technology) (32, 34) . Anti-rabbit horseradish peroxidase-linked secondary antiserum was used to bind primary immunoreactive complexes. Immunoreactive proteins were then detected with SuperSignal West Dura extended-duration substrate (Pierce).
When preparing lysates for Western blotting of 293 cells overexpressing Nv-TLR, cells were washed with PBS and then were resuspended directly in 2× SDS sample buffer [0.125 M Tris (pH 6.8), 4.6% (wt/vol) SDS, 20% (wt/vol) glycerol, 10% (vol/vol) β-mercaptoethanol] and boiled for 10-15 min. Nitrocellulose membranes were blocked overnight at 4°C with Tris-buffered saline [100 mM Tris (pH 7.4), 9% (vol/vol) NaCl] supplemented with 8% milk, 5% normal goat serum (Gibco), 1% BSA, and 0.5% Tween 20. Membranes were then incubated for 5 h at 4°C with Nv-TLR antiserum (1:25,000) in blocking buffer. Immunoreactive bands were visualized as described above using an anti-guinea pig horseradish peroxidase-conjugated secondary antiserum (1:50,000) in blocking buffer.
Reporter Gene Assays. Reporter gene assays were performed in 293 cells as previously described (34) . Cells were transfected with the following: 60 ng of pcDNA-FLAG (34), Hu-TLR4, Nv-TLR, or Nv-TLRΔTIR; 74 ng of the human coreceptors CD-14 and MD-2; 300 ng of a 3× NF-κB-site luciferase reporter plasmid; and 500 ng of RSV-β-gal for normalization of transfection efficiency. Before use, LPS (0111:B4; Sigma-Aldrich) was sonicated for two rounds of 1 min with 1 min rest in a water bath at level 5 in a Sonic Dismembrator 550 (Fisher Scientific Inc.). Sonicated LPS was then added to cells at a final concentration of 2.5 μg/mL in fresh medium. Six hours later, cells were lysed and analyzed according to the manufacturer's instructions for the Luciferase Assay System (Promega).
GST Pulldown Assays. GST and GST-Nv-TIR proteins were expressed in E. coli BL21 cells and isolated on glutathione beads as previously described (55) . Five percent of the GST slurry was electrophoresed on a SDS-polyacrylamide gel and stained with Coomassie Blue to confirm the presence of each GST protein. The remaining 95% of the glutathione beads was incubated for 24 h at 4°C with 300 μg of FLAG-MAL or FLAG-MYD88 293T cell lysates prepared as previously described (32) . Beads were then washed four times with PBS to remove unbound proteins. To remove complexed proteins, the beads were boiled in 2× SDS sample buffer. As input, one percent of the 293T cell lysate used in each pulldown (3 μg) was electrophoresed on a SDSpolyacrylamide gel. After transfer to nitrocellulose, the GST pulldowns were subjected to anti-FLAG Western blotting.
N. vectensis Care and Spawning. The care and mating of adult N. vectensis were performed as described previously (33, (56) (57) (58) . Anemones were housed and spawned in 1/3 strength artificial seawater (1/3 ASW: ∼12 parts per 1,000). Spawned eggs were dejellied from their egg masses and then fertilized as previously described (56) .
V. coralliilyticus Culture Preparation, Heat Inactivation, and Labeling. V. coralliilyticus was cultured at 30°C and prepared for anemone infection as described previously (28) . For heat inactivation of V. coralliilyticus, bacteria were grown overnight at 30°C, pelleted, washed once with PBS, resuspended in PBS, and then incubated at 56°C for 30 min. To visualize V. coralliilyticus for nematosome engulfment experiments, 2 × 10 7 cfu V. coralliilyticus were washed twice with PBS and incubated in a total volume of 5 mL PBS containing 25 μL of 1 mM BacLight Red bacterial stain (Thermo Fisher) for 30 min with rotation at 30°C. Nematosomes were then washed twice with PBS and resuspended in 1/3 ASW.
Anemone Bacterial Challenge. For 30°C anemone infection experiments, anemones were first acclimated at 30°C for 24 h before infection. On the day of infection, overnight cultures of V. coralliilyticus were pelleted, washed once with 1/3 ASW, and resuspended in 1/3 ASW at the desired concentration (28) . For flagellin experiments, anemones were incubated in 1/3 ASW at a final concentration of 100 ng/mL of flagellin (Salmonella typhimurium; Sigma-Aldrich). For these infection experiments, anemone mortality was assessed each day by the degree of tissue degradation and the absence of response to light and touch cues (28) . To determine the statistical significance of these infection experiments, Kaplan-Meier analysis was performed to generate survival functions and log-rank significance values using the statistical software SPSS (IBM).
Generation of Stable Cell Lines, Challenge with V. coralliilyticus, and RT-PCR. HEK 293T cells were transfected with 5 μg of the pCL10A1 retroviruspackaging vector and 15 μg of either pMSCV-puro or pMSCV-Nv-TLR. At 18 h posttransfection, the medium for the 293T cultures was replaced. At 48 h posttransfection, transduced 293T cells were selected by adding fresh medium containing puromycin at a final concentration of 2 μg/mL.
Once stably transduced cell lines were established, 1 × 10 6 cells were plated in a 60-mm dish, and 24 h later fresh medium was added with 5 × 10 7 cfu/mL of heat-inactivated V. coralliilyticus for 12 min. For flagellin stimulation experiments, 1 × 10 6 cells were plated in a 60-mm dish, and 24 h later fresh medium was added with a final concentration of 100 ng/mL of flagellin (S. typhimurium; Sigma-Aldrich) for 40 min. Whole-cell lysates were made as described previously and were subjected to Western blotting (32, 34) with p-IκBα antiserum (1:1,000; Cell Signaling Technology). Fold induction of p-IκBα was determined by Fiji image processing software and was normalized to the respective nonstimulated control for each experiment.
For RT-PCR, RNA was extracted using TRIzol Reagent (Invitrogen) according to the manufacturer's specifications. cDNA was then prepared from 500 ng RNA for each sample. RNA was combined with 1.68 μL of 15.4-μM random primers (Promega) and nuclease-free water to a final volume of 16 μL. Samples were incubated at 65°C for 5 min and then on ice for 5 min. cDNA was synthesized by adding 6 μL 2.5 mM dNTPs, 1 μL RNasin (Promega), 6 μL 5× M-MLV buffer (Promega), and 1 μL M-MLV reverse transcriptase (Promega), and samples were incubated at 37°C for 1 h. cDNA samples were then diluted 10-fold and used as a template for PCR. Fifty-microliter reactions were prepared with Q5 Hot Start DNA polymerase (New England Biolabs) according to the manufacturer's protocol, subjected to 35 PCR cycles, and analyzed by agarose gel electrophoresis and staining with ethidium bromide.
Isolation of Nematosomes and Cnidocytes from Adult N. vectensis. Nematosomes were isolated from adult N. vectensis as previously described (41) . Cnidocytes were isolated from adult anemones by modification of a previously published protocol (59) . For cnidocyte isolation, adult N. vectensis were relaxed for 10 min in 7% (wt/vol) MgCl 2 in 1/3 ASW. Each anemone was then placed in Ca -free seawater and incubated at 45°C for 15 min. Samples were then vortexed for 15 s, placed in an ice bath for 30 s, and then vortexed for 15 s. The remaining intact tissue was removed with fine forceps. To separate cnidocytes by density, the tissue mixture was layered on 4°C Percoll diluted 1:1.5 with concentrated ASW (1.12 M NaCl, 22 mM KCl, 20 mM CaCl 2 , 65 mM MgCl 2 , 2 mM NaHCO 3 ). Samples were then centrifuged for 15 min at ∼2,000 × g at 4°C, with the centrifuge brakes off. The aqueous layer was removed, and the pellet containing cnidocytes was washed three times with Ca 2+ /Mg 2+ -free seawater. If necessary, a second Percoll gradient was performed to purify cnidocytes. Cnidocyte isolation was visually assessed by light microscopy to ensure that mainly only cnidocytes were present in isolated fractions.
Indirect Immunofluorescence. Indirect immunofluorescence of DF-1 cells was performed essentially as described previously (32) using primary antisera against FLAG (1:50), Nv-TLR (1:50), or HA (1:50). FLAG and HA immunoreactive complexes were detected with 488-conjugated secondary antiserum (1:80), and Nv-TLR immunoreactive complexes were detected with an anti-guinea pig Texas Red-conjugated secondary antiserum (1:80). Fixation and whole-mount indirect immunofluorescence of embryos (0-5 d postfertilization) and juvenile polyps at the four-tentacle developmental stage were performed as previously described (33, 60) using Nv-TLR (1:100) or Nv-NF-κB (1:100) antiserum. Detection of Nv-TLR and Nv-NF-κB immunoreactive complexes in N. vectensis was performed using an anti-guinea pig Texas Red-conjugated secondary antiserum (1:160) and an anti-rabbit 488-conjugated secondary antiserum (1:160), respectively. DAPI staining for poly-γ-glutamate found in intact mature cnidocytes in N. vectensis was performed as previously described (33, 60) . Specimens were imaged on a FluoView FV10i confocal microscope.
For immunofluorescence of isolated N. vectensis cnidocytes, resuspended cnidocytes (in Ca Triton X-100 in PBS] for 2 h. Blocking buffer was removed, and specimens were incubated with Nv-TLR (1:100) or Nv-NF-κB (1:100) antiserum (32) (in IF blocking buffer) at 37°C for 1-1.5 h. Next, unbound primary antiserum was washed four times for 10 min each with PTx. Dextran-conjugated secondary antiserum (anti-rabbit for Nv-NF-κB and anti-guinea pig for Nv-TLR) was added at 1:160 in IF blocking buffer and incubated at 37°C for 2 h. Last, specimens were washed three times with PTx to remove unbound secondary antiserum. For immunostained cnidocytes, coverslips were mounted with VECTASHIELD mount (Vector Labs). For immunostained nematosomes, individual nematosomes were pipetted dropwise onto 35-mm optical imaging discs or Superfrost Plus microscope slides, and coverslips were mounted. Immunostained cnidocytes and nematosomes were imaged on a FluoView FV10i confocal microscope.
mRNA Expression Analysis of Nematosomes. Paired-end reads from nematosome Fastq files from publicly available RNA-seq experiments were obtained from the European Nucleotide Archive (ERA609085 and ERA609085) (41) . Control genes known to be expressed in nematosomes (AMT and MB21D2) were identified in the additional file 8 (41) . Nematosome-specific gene IDs (NvecRef IDs) were obtained, and partial sequences were extrapolated from the NvecRef32742 reference transcriptome (41) and were subjected to BLAST (National Center for Biotechnology Information, NCBI) to determine specific gene identity. These control genes and known cDNA sequences of Nv-Repo, Nv-GCM, and select genes involved in either the N. vectensis NF-κB signaling or the cGAS-STING pathway (Dataset S2) were used to generate a custom Bowtie2 index for mapping. Raw reads were then mapped to both the custom Bowtie2 index and the full Nemvedraft ASM20922v1 reference transcriptome (Ensembl Metazoa) using default settings in Bowtie2. The number of reads mapped to each gene in the curated set was normalized according to both gene length and total mapped reads (in the complete transcriptome) to generate RPKM values. The relative expression of each gene is presented as the mean RPKM between the two replicates ± SEM.
Engulfment of V. coralliilyticus. Nematosomes were isolated from adult N. vectensis as previously described (41) . They were pooled into 35-mm dishes and were incubated with a final concentration of ∼5 × 10 6 cfu/mL of V.
coralliilyticus or BacLight Red-labeled V. coralliilyticus for 14 h at room temperature in 1/3 ASW. Nematosomes were then washed four or five times with 1/3 ASW and incubated at 4°C with rotation in a final concentration of 4% paraformaldehyde in 1/3 ASW for 30 min. Fixed nematosomes were imaged on a FluoView FV10i confocal microscope at 581 nm excitation.
Morpholino Knockdown. Knockdown of the Nv-TLR transcript was accomplished by microinjecting fertilized N. vectensis eggs from a clonal anemone line (23) with an antisense morpholino toward a sequence at the 5′ end of the Nv-TLR mRNA. N. vectensis injections were performed as previously described (51) . The sequences of the morpholinos were as follows: Control 5′-CCTCTTACCT-CAGTTACAATTTATA-3′; Nv-TLR 5′-TCGAGTGCTGATATTTTTTCCGTTG-3′. Morpholinos at 700 μM were coinjected with a 10× (2 mg/mL) 488-dextran dye, and embryos that were not fluorescing at 24 h following injection were removed. Morphology was assessed 3 d postinjection, and anemones were fixed and stained for Nv-TLR at 5 d postinjection.
